The soil water characteristic curve (SWCC) describes the relationship between matric suction and moisture of soil, the testing process of which is time-consuming. The test time of particle size distribution (PSD), in contrast, is relatively short. Thus, it is quite important to establish a proper model for PSD to forecast SWCC. This paper analyzed PSD of 25 groups of loess by way of laser diffraction technique (LD) and sieve-settlement method. Works were carried out on fitting analysis on PSD with Logarithmic model, Fredlund model, Jaky model, and Gompertz model. Statistical method was used to explain the fitting performance. Meanwhile, an empirical model was put forward. Compared to the four models, the empirical model has fewer parameters, simple model form, and smaller fluctuations of parameters. Results of LD showed higher clay content but lower silt content. It is suggested that Fredlund model or the empirical model be adopted to forecast SWCC of Malan loess.
Introduction
The soil is composed of three phases: solid phase, liquid phase, and gas phase. Water phase and gas phase are often easily changed due to the variation of the natural environment, while the solid phase is stable. The changes of the particle size distribution (PSD) will change soil properties. The PSD of the soil is very important in geotechnical engineering. PSD can be used to determine the formation of soil in the field and evaluate whether the soil in the project location area is suitable to be used as engineering building materials. Soil water characteristic curve (SWCC) can be predicted by PSD curves as the PSD represents the main property of soil [1, 2] . There are many scholars using PSD to estimate SWCC [3] [4] [5] [6] [7] . Actually, PSD curves combined with pedotransfer functions could be used to estimate the SWCC of soils.
First, a PSD model should be chosen. Second, pedotransfer functions should be used to estimate the SWCC with the PSD model. Third, SWCC testing data should be used to check the accuracy in estimating SWCC. So the fitting performance of PSD models is very important to the accuracy of estimating SWCC. Also the PSD is often used for estimating the saturated and unsaturated permeability coefficient [8] [9] [10] [11] and air entry value of soil [12] . The main soil particle size analysis is the test of grain group. The sand, silt, and clay contents are often used as identified features of soil classification, which do not contain the complete information on particle size distribution. Particle size distribution data with bulk density can be used to predict the available water by Arya and Paris (AP) model, Mohammadi and Vanclooster (MV) model, and Arya and Heitman (AH) model [13] . Yang et al. [14] used particle size distribution to reflect the formation of soil in Qilian Mountains. The size distribution of sediment supplied by hillslopes to rivers showed the size of sediments produced on hillslopes and delivered to channels [15] . Grain size index was proposed for use in a soil classification system and empirical models to predict physical and mechanical properties of soils [16] . Li et al. [17] used a unified expression to reflect the changes in grain composition. Particle size distribution of sediments in stormwater runoff generated from exposed soil surfaces at active construction sites and surface mining operations can be used to predict the erosion in soil 2 Advances in Materials Science and Engineering [18] [19] [20] [21] [22] . A comprehensive understanding of soil structural characteristics is based on establishment of different particle distribution functions.
The accurate PSD database is important for the fitting process by above models. There are different methods to obtain the PSD curves. Soil PSD curves in most databases are derived from the conventional sedimentation-sieve methods that are based on Stokes law [23] [24] [25] . These traditional methods (sieve-pipette), although commonly used, are timeconsuming and do not adequately describe the soil PSD, especially in the clay fraction. Nowadays, laser diffraction (LD) techniques are used for testing the PSD curves. The laser diffraction (LD) techniques require a much smaller sample but provide highly accurate PSD curves compared to the sieve-pipette methods [26] [27] [28] . There are several differences between conventional sedimentation-sieve methods and laser diffraction (LD) techniques. The differences are related to the shape of a particle, the particle size, mineral composition, and the refractive index of LD [29] . Some scholars compared the conventional sedimentation-sieving methods to the laser diffraction (LD) techniques. The clay content of the conventional sedimentation-sieve methods was much higher than laser diffraction (LD) techniques [30] . Few scholars studied the fitting performance of conventional sedimentation-sieve methods and laser diffraction (LD) techniques. Twenty-five groups of Malan Loess were chosen to be tested so that the PSD curves could be used to be fitted with different models. The fitting performances of different models and different testing methods were summarized in this paper. An empirical model was proposed and compared with other models at the same time.
Scholars pay attention to different fitting performances of different models in conventional sedimentation-sieve methods or laser diffraction (LD) techniques [31, 32] . Miller and Schaetzl [33] proposed cumulative bin difference (CBD) to evaluate the fitting performance of different models. Therefore, the objective of this study is to investigate the fitting performance of some PSD functions with varying numbers of parameters to LD techniques and sieve-pipette methods of PSDs of fine-textured soils from Gansu province, China.
Materials and Methods

Study Area and Sampling.
The soils in the experiment were all from Tianshui and Lanzhou, Gansu province, China. They all belonged to loess plateau in China. After sampling, particle size distribution test and analysis were carried out according to the standards of China [34] and operation manual of the laser diffraction apparatus.
The soils in this test were from Luoyugou, Tianshui (numbered from L1 to L6), Huanancun, Tianshui (numbered from H1 to H10), and Gaolan, Lanzhou (numbered from G1 to G9). Gaolan samples were obtained from the typical section with 0.4 m of the sample interval. Sample interval in Luoyugou is 150 m in 1 km along the valley. Loess in Huanancun was obtained from backwall of a landslide with 1 m of the sample interval. The sample sections and sample intervals were confirmed by typicality and field condition such as no paleosol layer. All samples were light yellow with macrovoid, root holes, and worm holes. There was plenty of clay concretion in loess in Tianshui, while there was none in loess in Lanzhou. Clay particles had effects on particle size distribution of loess [35] . Sample locations are shown in Figure 1 , and the basic properties of loess were presented in Table 1 . There are few roots in the loess because organic matter often has a profound effect on the grain size distribution of the sediment samples [36] .
Testing Apparatus and Experiment.
The instrument of laser diffraction apparatus is Microtrac S3500. During the experimental process, lofting canister is repeatedly washed with distilled water. The amount of soil is less and it is discrepant from different areas. The data is collected automatically.
The equipment in sieve-pipette method contains standard sieve, electronic scale (precision of 1%), drying oven, 1 L measuring cylinder, sodium hexametaphosphate, densimeter, temperature gauge, stirrer, mortar, and beaker. During the test, sieve classification is carried out on particles whose size is larger than 0.075 mm, and densimeter method is used for the particles with size smaller than 0.075 mm. The test results from the two methods are synthesized as the particle size distribution curve of soil at the end.
Laser Diffraction (LD) Techniques. Samples were dried at 105 ∘ C in drying oven for over 8 hours, and then 2 mm standard sieve was used to get rid of big particles. It was found that all the loess particles in this test were less than 2 mm, and those greater than 2 mm were some plant roots. 30 g loess after 2 mm sieve classification was sealed in hermetic bag. During the experiment, the apparatus of LD was washed by distilled water 5 times at the beginning. Then the samples were divided into 4 parts. Every part was used for testing in sequence. If the four results were quite different, the remaining loess should be mixed and divided and tested again until the error limit was under 0.5% to ensure the reliability.
In the sieve-pipette method, samples were well dried at 105 ∘ C in drying oven for over 8 hours; then about 200 g loess was taken for sieve classification. The sieve classification required even force and one person finishes a whole group work. After the sieve classification, the samples that remained on each standard sieve were weighted. Then 30 g samples of size which was less than 0.075 mm were put into a 1 L measuring cylinder. After addition of some distilled water, 10 mL 4% sodium hexametaphosphate solution was added; then distilled water was poured into the measuring cylinder to 950 mL. The last 50 mL water was added by 50 ml measuring cylinder. The mixture was stirred repeatedly for 1 min, and then decimeter was put in the scheduled time. When storing, the liquid should not be splashed out from the measuring cylinder. At last, the results from sieve classification and densimeter method were synthesized as the final particle distribution curve.
Brief Introduction of Models.
Several PSD functions were proposed to describe the PSD curves. Jaky [37] put forward an exponential function model at the earliest time, which contained a few parameters and was convenient to use but Advances in Materials Science and Engineering had poor accuracy. The Shiozawa and Campbell model [38] divided the particle distribution into two parts: sand and silt group and clay group. And scholars such as Buchan et al. [39] found that Shiozawa and Campbell model could not be verified in the clay particle part because of the lack of available data in that range. Lots of other models were proposed such as Fractal model [3] , Gompertz model [40] , Fredlund model [41] , Logarithmic model [4] , and exponential model [42] . Every one of them had advantages and disadvantages. Fredlund model was often used to describe the PSD curves of wellgraded and poor-graded soils. Four parameters increased the accuracy. Since Fredlund model was based on continuous function, it had better effect on prediction of soil water characteristic curve. Logarithmic model has a better fitting performance of well-structured soil.
Jaky Model. Consider
In the function, = 2 mm, is a parameter, and is particle size with mm unit.
In the function, and are parameters; is particle size, and its unit is mm.
In the function, , , , and are parameters, = 0.001 mm, and is particle size with mm unit.
Gompertz Model. Consider
In the function, , , , and are parameters and is particle size with mm unit.
Jaky model is a one-parameter model which is proposed at an early time with a sigmoid half of a Gaussian lognormal 4 Advances in Materials Science and Engineering distribution. Logarithmic model is a natural logarithm model with two parameters. In Logarithmic model, and are parameters. Gompertz model is closed solution function with four parameters, and it is not sensitive to size interval among test points. The model is a logistic function represented by a closed-form equation with , , , and being shape parameters of the curve. Fredlund model is a four-parameter model which is based on SWCC. In the model, a is the point of inflection of the curve, b is related to its steepest slope, is related to its shape near the fines region, and d is the amount of fine particles. It can fit the particle distribution curve of different soils, and it is a continuous function. Jaky model, Logarithmic model, Gompertz model, and Fredlund model were, respectively, used on particle distribution curves from Luoyugou, Huanancun, and Gaolan. Fitting results of the LD method and the sieve-pipette method on L-3, H-5, and G-7, which are selected by random drawing, are shown in Figures 4 and 5.
Fitting Techniques.
Several approaches have been reported for selection of a suitable model. The simplest approach is to find the best model that minimizes the disparity between measured and predicted data. For example, a model with greater 2 value may be much more reliable than those with smaller 2 value. However, it must be known that as the number of parameters increases, the fitting performance generally improves.
Statistical terms were used to evaluate the advantages and disadvantages of different models.
2 was the coefficient of determination, which was used to estimate the goodness-offit of the model. The range was from 0 to 1. The high 2 indicates the good fitting performance of the model. The Fvalue was used to estimate the model. The t-value was used to estimate the parameters of the model. The residual sum of squares reflected the deviation between the measured values and estimated values. The mean square was residual sum of squares divided by the number of degrees of freedom. The PSD models considered here required one to four parameters. Therefore, a better approach is to define the good model as the model that fits data well with the least number of parameters when other conditions are the same.
Twenty-five groups of loess samples were tested. In order to compare and analyze, this paper showed one group data from Luoyugou (L-3), Huanancun (H-5), and Gaolan (G-7), respectively. Logarithmic model, Fredlund model, Jaky model, and Gompertz model were used to fit loess particle size distribution curve in this paper. Other models in references showed poor fitting performance and they were not presented here.
Results and Discussion
Test PSD Results of Loess.
The results of the particle size distribution curves from laser diffraction (LD) techniques and the sieve-pipette method on Luoyugou (L-3), Huanancun (H-5), and Gaolan (G-7) were shown in Figures 2 and 3 . The sample size of the sieve-pipette method is sixteen, while that of the laser diffraction (LD) techniques is forty-two. It could be seen from Figures 2 and 3 that the results of the two different methods were relatively similar. Thus, there could be a subtle difference of the soil particle size fraction in Lanzhou and Tianshui. However, the curves of the laser diffraction (LD) techniques were smoother than those of the sieve-pipette method. Sieve-pipette method's results indicated that the proportion of clay in three different kinds of loess is 11.05%∼13.71%, and the proportions of silt and sand were 67.94%∼68.56% and 17.73%∼27.09%, respectively. In laser diffraction (LD) techniques' results, the percentage of silt was 72.94%∼78.81%, which was greater than that of sievesettlement method. Meanwhile, the percentage of clay was 2.88%∼4.53%, which was less than the results of sieve-pipette method. Only the percentage of sand was approximate, which was 18.25%∼24.18%.
Comparing sieve-pipette method's results with laser diffraction (LD) techniques' results, there was pretty significant difference in clay and silt grain composition, but the disparity of sand grain composition was relatively small. These differences were related to anisotropy of soil particle density and otherness of particle shape. Sieve-pipette method assumed simplex particle density in the soil, but the laser diffraction (LD) techniques were independent of simplex particle density. For laser diffraction (LD) techniques, a single soil particle with irregular shape reflected that its cross section area was bigger than the volume of an equivalent sphere [43] . Therefore, the particle size was magnified, which resulted in less silt proportion in a loess particle distribution curve. Besides that, nonspherical particle had longer setting time than the equivalent sphere in the sieve-pipette method, resulting in a larger clay proportion in a particle size distribution curve. From Figures 4(a) , 4(b), and 4(c), it is observed that Fredlund model and Gompertz model have better fitting performances than the others. The Jaky model curves deviated from the measured points, and Logarithmic model followed. They have poor fitting performances. Gompertz model has relatively good effects, but the particle size of the inflection of the particle distribution curve is 0.05∼ 0.10 mm, with small deviations. However, Fredlund model is almost coincident to measured datum with slight deviation at 0.001∼0.005 mm particle size range.
Fitting Performance.
The range of parameter in Jaky model with a typical 95% confidence interval of 0.93 is 4.367∼5.297 (see Table 2 phenomenon stating that fitting curve highly deviated from measured datum in Figure 4 . Within the range of 0.001∼0.005 mm particle, comparing Fredlund model and Gompertz model, Fredlund model has a big degree of deviation at range of accumulation curve, which shows poorer fitting performance. Gompertz model has a big degree of deviation at 0.05∼0.10 mm particle range of accumulation curve, and at this range it shows poorer fitting performances. Fredlund model and Gompertz model both have great fitting performance in the ranges of 0.005∼ 0.05 mm and 0.10∼1.0 mm. Thus, for particle size distribution curve of the Gaolan loess sample, when particle size is less than 0.005 mm, Gompertz model has better fitting performance, and when particle size is greater than 0.005 mm, Fredlund model shows greater fitting performance.
Similarly, the range of parameter in Jaky model with a typical 95% confidence interval of 0.939 is 4.170∼5.109 (see Table 3 ). Compared to Jaky model, the interval of parameter in Logarithmic model has actually a small value, 0.052, and the parameter has indeed a large interval, 17. Jaky model is not suitable for Huanancun loess. The statistics mean square of Jaky model is 279.737, which verifies the phenomenon stating that the curve is highly deviated from measured datum in Figure 5 . Similar to Gaolan loess results, the t-tests presented statistical significance under significance level of 1% for all the parameters of Gompertz model and Logarithmic model. But the small t-value of parameter in Fredlund model is 0.240, which is still not significant under significance level of 1%, 5%, and 10%. It means that although this model is undergoing the test, its critical parameter may be zero, which may influence the initial form of model as well. The statistics mean square of Fredlund model is 0.458, which is identical to the phenomenon stating that the fitting and measured data have huge disparity at the 0.001∼ 0.005 mm particle range in Figure 5 . The mean square of Gompertz model is 0.447, which is far below that of Logarithmic model, 258.786. Accordingly, the Gompertz model has better comprehensive effects in comparison to Logarithmic model. To sum up, Jaky model and Logarithmic model have poorer fitting performance compared to Fredlund model and Gompertz model, which is coincident to the phenomenon stating that fitting curve highly deviated from measured datum in Figure 5 . Similarly, as can be seen from the data in Table 4 model has better fitting results. In conclusion, when choosing the fitting models for particle distribution curve from the LD method of Tianshui and Lanzhou loess samples, the decision should be based on the particle size in loess. If there is plenty of clay in the loess, priority selection should be made to Gompertz model. And if there is little clay, on the contrary, it is better to choose Fredlund model for fitting and prediction. Tables 5-7 provide critical values of particle distribution curve of the sieve-pipette method. Fitting performance can be found in Figures 5(a) = 1199.540). Meanwhile, the statistics mean squares are 88.061, 97.584, and 60.471, respectively, which denote the worst fitting performance. The other three models are all significant at the < 0.001 level, which means that the equations are all valid. However, in perspective of statistics mean squares, the value ranking was followed by Because of the small number of samples, 16, the value is not significant in sieve-pipette method. By the same token, the data points are scattered in the figure. Therefore, the value in sieve-pipette method is elided.
As can be seen by comparing LD method and sievepipette method, Fredlund model has better fitting performance than Gompertz model, Logarithmic model, and Jaky model of Malan loess in Lanzhou and Tianshui. But the number of parameters, four, in Fredlund model makes it more difficult to solve equation when predicting SWCC. In the meantime, it makes the model more complex.
For this reason, this paper proposes an empirical model with three parameters. Results of this empirical model are shown in Figures 6 and 7 and Tables 8-13 .
Mathematical expression of the empirical model is shown as follows:
In the function, , , and are parameters and is particle size with mm unit.
The empirical model was obtained by the PSD curves of loess in Lanzhou and Tianshui, Gansu, China. Because of the differences in PSD curves of loess, parameters , , and may be related to and of the loess. From Figures 2  and 3 , it is obvious that the uniformity coefficient ( ) and the coefficient of gradation ( ) are different in the loess. Generally, a soil is referred to as well-graded type if is larger than 4-6 and is between 1 and 3 [44] . of L-3, H-5, and G-7 is 4.05∼30.90. of L-3, H-5, and G-7 is 1.05∼1.31. So the loess samples in the study all belong to well-graded soil. Because loess in the study belongs to well-graded soil, the fluctuation range of , , and is small. is the coefficient of gradation, is the uniformity coefficient, and 10 , 30 , and 60 are the diameter through which 10%, 30%, and 60% of the total soil mass is passing, respectively.
Figures 6 and 7, respectively, provide the PSD curves that are based on the LD method and sieve-pipette method. By comparing fitting performances of LD method and sievepipette method from Figures 6 and 7 , it is shown that the curves of the two methods have roughly the same tendency. Nonetheless, different method results in different inflection points and the dispersion degree of data points on the curves.
From Tables 8-13 , it is shown that̂2 of particle size distribution curve fitting performance on LD method and sieve-pipette method are all close to 1.̂2 of fitting performance from LD method is not less than 0.992. Similarly,̂2 of fitting performance from sieve-pipette method is not less than 0.957. The models were all significant at the < 0.01 level. In addition, statistics values of parameters , , and are all significant under 1% significance level. Consequently, the fitting performance of empirical model is significantly better than those of Logarithmic model and Jaky model. Figure 7 that the fitting curve skews slightly at 0.001∼0.03 mm of particle size range. No matter in the same area or in different areas, parameters and in empirical model do have narrow data ranges, which are less than 0.195. However, parameter has a large variation. The data range is 15.408 to 42.637.
In conclusion, for the fitting performance of PSD curves datum for loess in Lanzhou and Tianshui, the empirical model has better applicability and simpler equation form. There are fewer parameters in the equation and the degree of freedom of the variable is larger, which is good to enter the operation equation and to solve the equation.
Different models show significant discrepancy when fitting the data from the LD method and sieve-pipette method. It is related to not only the different test methods but also the size and shape of the particles directly. It is found in research that Fredlund model and empirical model both have good fitting performance on loess PSD curves in Lanzhou and Tianshui. When using the PSD curves to predict the permeability coefficient and SWCC of unsaturated loess, they both show great superiority.
The LD method has better test precision, but it has limitations when testing loess particle size distribution. It may overrate the silt part and underrate clay part. In the sieve-pipette method, inaccuracy of setting time estimation and adhesion of clay particles on densimeter glass bulb may influence the results. Besides that, because fine particles subside very slowly, environmental temperature has significant influence. The aforementioned diversity affects the fitting results for the same model. Comparing Fredlund model and Gompertz model with empirical model, equation form of the empirical model is simplified significantly, and the number of parameters is reduced with mean square root greater than 0.95. Gompertz model is limited when it fits the datum from the sieve-pipette method. In contrast, the empirical model is suitable for the two methods, and the fitting performance is good. 
Conclusions
We conclude the following:
(1) Compared to sieve-pipette method, the LD method can collect more data points during testing, so the curve is more smooth. Compared to sieve-pipette method, the LD method overrates the silt part and underrates the clay part.
(2) Four models were used to fit the PSD curves of loess in Lanzhou and Tianshui; it was found that Fredlund model had good fitting performance on data obtained by the LD method and sieve-pipette method. So it is suggested that this model be utilized to predict SWCC of unsaturated loess. According to fitting and analysis of testing results, the empirical model is suitable for Malan loess at the same time. This model has typical advantages such as fewer parameters and simple equation form. It could be used to predict SWCC and permeability coefficient of unsaturated loess too. Sensibility of every parameter in each model is discussed during fitting and analysis procedure. Different sensibility will influence the accuracy of fitting performance.
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